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INTRODUCTION
Sinusoidal obstruction syndrome (SOS) is distinctive hepatotoxic and rapidly developing vascular lesion with compromised hepatic microcirculation. SOS has a strong potential to lethal liver failure and portal hypertension-related complications (1) . It is also known as "blue liver syndrome" because of its characteristic intraoperative subcapsular livid appearance and similar macroscopic "marble" bluish-red discoloration on cut surface. SOS is caused by toxic injury to hepatic sinusoidal endothelial cells producing their swelling and leading to the loss of sinusoidal wall integrity, impaired sinusoidal blood flow and consequent sinusoidal congestive obstruction (2) . In some cases it can result in further obstructive fibrovascular alterations on hepatic veins and is often associated with other histopathologic findings in the liver parenchyma. Therefore, this syndrome was originally described as hepatic venoocclusive disease, but since DeLeve et al. coined the term SOS, previous term is no longer recommended primarily because the major lesion is located at the level of hepatic sinusoids, not necessarily involving centrilobular vein (3). The classical clinical triad of SOS includes ascites, hepatomegaly and increased bilirubin levels (>2 mg/dl), but one can often find other signs of portal hypertension, weight gain, pleural effusion, lower limbs edema, splenomegaly and rarely upper gastrointestinal bleeding. The frequent recognition of SOS has resulted from numerous complications after the use of chemotherapy before hemopoietic stem cell transplantation, immunosuppressive agents in solid organ transplantation and inflammatory bowel diseases, after irradiation as well as long list of hepatotoxic drugs and herbal remedies, including frequent oncologic treatment of colorectal liver metastases by oxaliplatin (4). Contrary to the West, in the Far East SOS is usually caused by herbal medicine containing pyrrolizidine alkaloids (5) .
The liver is most common site of colorectal carcinoma metastases with initial rate of metastatic disease estimated to 15-20% of all patients (6) . Oxaliplatin is frequently used as a part of neoadjuvant or systemic chemotherapy prior to hepatic resection of colorectal cancer liver metastases in patients who were estimated as initially inoperable (7) . The results of combined medical oncology and modern surgery increase the number of curative liver resections from 15% to 30% and 5-year survival rates are reported to be 30-35% (8, 9) . However, oxaliplatin-based chemotherapy provokes sinusoidal obstruction syndrome in association with other histologic alterations of liver tissue not involved by tumor (10) . Hepatic steatosis was initially regarded as the most significant pathological alteration in these settings and all other changes, including vascular changes, were attributed to steatohepatitis or secondary effects (11) . At present, more scientific reports favour vascular lesions to be more closely associated with prehepatectomy oxaliplatincontaining regimens over steatosis and chemotherapy associated steatohepatitis (CASH) in the non-tumour liver parenchyma. As a consequence, SOS after neoadjuvant oxaliplatin-based chemotherapy might significantly increase morbidity, reduces the effect of oxaliplatin, bevacizumab or other chemotherapeutic agents in colorectal metastases (lower tumour response to oncologic treatment) and increases the risk of liver resection metastasectomies.
Liver resection itself can contribute further histologic changes since intraoperative blood loss and perfusionreperfusion effects are often associated with postoperative morbidity, mortality and shorter long-term survival. The introduction of advanced surgical techniques have increased the percentage of curative liver resections, such as the novel technique of radiofrequency-assisted liver resection (RALR), which is thought to be transfusion-free, easy and safe (12) . It broadens therapeutic options for patients with initially unresectable colorectal liver metastases and convert them to resectability.
The aim of this study was to assess the frequency and severity of SOS and associated histologic alterations in the non-tumor bearing liver parenchyma in the resected specimens after oxaliplatin-based chemotherapy in patients with colorectal liver metastases. However, little is known about possible differences between liver resection-related histologic alterations in standard resections and RALR. Therefore, SOS and its histologic variables and other hepatic alterations were correlated to main liver resection types.
MATERIAL AND METHODS
In a retrospective study a total of 97 liver resection specimens were examined from patients with colorectal liver metastases from November 2001 to December 2005 in a single institution (First Surgical Clinic, Clinical Centre of Serbia, Belgrade) who had been previously operated for colorectal cancer, underwent preoperative neoadjuvant oxaliplatin-based chemotherapy and first partial hepatec-ABBREVIATIONS CASH -chemotherapy associated steatohepatitis RALR -radiofrequency-assisted liver resection SOS -sinusoidal obstruction syndrome transfusion). Selection of cases followed this exclusion criteria: (a) less than 6 cycles regimen of preoperatively chemotherapeutic treatment with fluorouracil plus oxaliplatin; (b) extrahepatic spread of the disease; (c) no sufficient amount of remnant non-tumour bearing liver parenchyma; (d) other known vascular disorders or focal lesions, including hemangioma; (e) simultaneous operative procedures on other organs and (f ) less than 6 months period of successful postoperative follow-up.
Selected tissue samples were taken from non-tumour bearing liver parenchyma at minimum distance of 20 mm from the tumour, avoiding subcapsular region and from peritumoural zone. Standard 4% buffered formalin fixed and paraffin embedded samples were cut and 4-μm sections routinely stained for hematoxylin-eosin, reticulin and Masson trichrome staining. Histomorphological analysis and scoring of histopathological parameters were based on the criteria according to Rubbia-Brandt et al. (table 2) (13). In concordance with the study of Aloia et al. we focused mainly to categories of vascular lesions, fibrosis and macrovesicular steatosis (14) . In addition to these morphological variables, we examined the presence of necrotic lesions induced by operative manipulation of the liver, so-called surgical hepatitis (surgical necrosis) defined by hepatocyte tomy. The majority of patients (59/90) were among cases with strong indications for RALR as a new surgical technique in a series of 81 patients with malignant tumors and 9 patients with benign diseases (Table 1 ). The rest of 38 patients were underwent standard surgical procedures for metastasectomies which all needed blood transfusion after significant blood loss (>1 unit of packed red blood cells necrosis associated with neutrophils that is disseminated throughout the periportal or centrilobular areas. Detailed histological examination of 59 specimens was performed on samples of liver specimens of transfusionfree RALR and was compared to histological changes on samples of non-tumorous liver tissue from 38 specimens of standard liver resections. Furthermore, we analyzed samples distal and proximal to the treated tumour, i.e. samples taken from non-tumour bearing liver parenchyma at minimum distance of 20 mm from the tumour and compared to those from peritumoural zone.
Statistical analysis were performed using SPSS version 15.0 statistical software (SPSS Inc., Chicago, IL, USA). The chi-square test was used to correlate the different groups of patients according to the liver resection types versus the presence of lesions associated with oxaliplatin based chemotherapy. P-values were considered statistically significant if <0.05.
RESULTS
The study included 97 patients previously operated for colorectal cancer and underwent preoperative neoadjuvant oxaliplatin-based chemotherapy for colorectal liver metastases. There were 50 men and 47 women, ranging from 18 to 78 years old (mean age 57.71 years). According to subsequent liver resection type they were divided in two groups: 59 patients underwent bloodless radiofrequencyassisted liver resection (RALR), and 38 patients were treated by standard surgical procedures for colorectal metastasectomies (non-RALR).
Detailed histomorphological examination on oxaliplatin-related histological alterations comprises 59 specimens of non-tumorous liver tissue (RALR group) and 38 specimens of cases with standard liver resections (non-RALR group) including both samples taken from non-tumour bearing liver parenchyma at minimum distance of 20 mm from the tumour and those from peritumoural zone. After careful examination and scoring of numerous histomorphological parameters we systematized them in ascending order of severity, mostly grouping them to low-grade and high-grade lesions. SOS lesions were divided according to grading systems in two groups: low-grade lesions included grades 0 (absent) and 1 (mild) and high-grade lesions included grades 2 (moderate) and 3 (severe). For histological analysis of SOS parameters in this study we finally reported only high-grade lesions (moderate or severe grades).
We found most frequent and most important four histologic entities: (a) fibrosis, futher categorized as portal fibrosis, porto-portal fibrosis, septal fibrosis, and cirrhosis; (b) vascular lesions, specified as sinusoidal vasodilatation and congestion, peliosis, hemorrhagic centrilobular necrosis and regenerative nodular hyperplasia; (c) macrovacuolar steatosis, and (d) surgical hepatitis (surgical necrosis). The most important histopathological alterations in both examined groups are briefly presented (Table 3) .
In general, the main histologic alterations in both examined groups related to oxaliplatin include SOS lesions (69.35%), fibrosis (50.95%) and steatosis (38%). After scoring of histopathological parameters based on modified criteria according to Rubbia-Brandt et al., they were statistically insignificant between both groups for portal and/or porto-portal fibrosis (59.3% vs 47.4%, respectively) and moderate/severe macrovacuolar steatosis (10.2% vs 26.3%), some of the with elements of CASH. We have not seen isolated centrilobular vein thrombosis and fibrosis which is quite interesting and unusual result. Similar distribution between groups was shown for surgical hepatitis with "borderline" statistical significance (23.7% vs 42.1%, p= 0.05). However, there were significant differencies in "high-grade" SOS vascular abnormalities, particularly in the presence of hemorrhagic centrilobular necrosis (10.2% vs 31.5%, p= 0.01) and peliosis (15.2% vs 36.8%, p= 0.04), but were not significant in the presence of sinusoidal dilataton and congestion as well as surgical necrosis. Two cases of micronodular cirrhosis were noted only in RALR group and three cases of regenerative nodular hyperplasia and two cases of hepatic atrophy only in non-RALR group. In our series of cases liver parenchymal and fibrotic lesions were dominant (Figure 1 ). We have also compared the main features of SOS lesions and other associated alterations in samples distal and proximal to the treated tumour. Although there is a lesser degree of hemorrhagic and necrotic lesions in samples taken from non-tumour bearing liver parenchyma (at minimum distance of 20 mm from the tumour) compared to those from peritumoural zone, we observed evidently narrower (although variable) zone of necrotic and vascular lesions with slightly dilated sinusoidal bed (figure 2). There were visible differences for Figure 1 . High-grade SOS lesions were seen more often in non-RALR group of patients and may be related to worse clinical outcome in this group of patients such as: hemorrgahic centrilobular necrosis (a) and peliosis, representing large haemorrhagic cystic-like pattern of sinusoidal dilation, (b) as well as regenerative nodular hyperplasia (c). Th e most consistent fi ndings in non-tumoural liver tissue related to eff ects of neoadjuvant oxaliplatin-based chemotherapy were: portal fi brosis (d), macrovacuolar steatosis (e) and sinusoidal dilatation (f ) Figure 2 . Macroscopic aspect of SOS shows liver congestion with irregular nodularity of hepatic parenchyma and congestive discoloration below necrohemorrhagic zone of treated metastatic colorectal carcinoma (a); the same area presented by whole mount section with boundary zone between necrotic tumour and liver parenchyma in the rectancle (b); closer view depicts RALR-related sharp delineation of necrotic to viable liver tissue showing sinusoidal dilatation and irregular trabeculae of hepatocytes with the same intensity in peritumoural and peripheral zones (c); the loss of endothelial cells and hepatocyte degeneration is less pronounced and restricted to narrow peritumoural zone in cases treated with RALR (d) histologic lesions in peritumoural zones between both RALR and non-RALR groups but were not significant: hemorrhagic centrilobular necrosis (23.2% vs 39.9%, p=0.81), surgical necrosis or surgical hepatitis (31.2% vs 44,7%, p=0.76) and sinusoidal dilataton and congestion (45.7% vs 76.8%, p=0.64).
DISCUSSION
Histopathology of SOS and associted histopathologic alterations significantly broadens the role of pathologist in evalutation the surgical and oncological treatment for colorectal liver metastases. In addition to verification of histological type and grade as well as residual status by cheking the margins of the resection, the up-to-date patholological report includes further information on other major determinants in management and outcome: the regression grade, i.e. the degree of histological response of the CRLM to preoperative chemotherapy and possible histological alterations in non-tumour bearing liver parenchyma with special attention to the distinctive toxic hepatic lesions associated with chemotherapy (15) .
The rationale of neoadjuvant preoperative use of oxaliplatin-based chemotherapy in selected patients with colorectal liver metastases relates to downsizing the tumors that may increase the rate of curative resections, to conversion of unresectable metastases to those that may become eligible for hepatic resection, to identification of good responders among patients and via the regression grade (the degree of response to chemotherapy) to evaluate biologic aggressiveness of tumors as those who progress under chemotherapy may not benefit from resection. However, oxaliplatin-based treatment is accompanied by serious side effects. Several studies has established the prevalence of complex vascular lesions of SOS in oxaliplatin-related liver damage in patients treated for colorectal liver metastases. There are also detailed pathological descriptions and grading of these changes, because its occurrence was associated with high mortality rates. According to current data, one can expect sinusoidal lesions to be found in aproximately two thirds of patients receiving oxaliplatin-based chemotherapy (ranging 38-74%) dependent on the heterogeneity of applied regimens and type of administration as well as on the level of clinical and histopathological recognition of SOS. Our result with prevalence of 69.35% of SOS lesions with more than a half with low-grade lesions is consistent with most of european studies (4, 14) . SOS is in these settings almost always variably associated with various patterns of fibrosis, steatosis and/or steatohepatitis and to lesser degree regenerative nodular hyperplasia. Although the severity and the outcome of SOS is hardly predictable, potentially strong hepatotoxicity can be observed in patients receiving intrahepatic arterial administration of high doses of oxaliplatin and little is known whether these lesions are eventually reversible. Less hepatotoxicity is reported for irinotecan and 5-fluorouracil-based chemotherapy (25-40%) but coadministration of bevacizumab has been shown to reduce the incidence and severity of sinusoidal changes (4).
On the other hand, pathological lesions of non-neoplastic liver treated by surgery alone showed the prevalence of steatosis present in 37% (but other types of lesions were not found) and that was not significantly different from that of cases treated by neoadjuvant chemotherapy (39.8%) (13) . Furthermore, development of CASH, i.e. severe steatohepatitis can occur in patients who have received certain types of chemotherapy for colorectal liver metastases such as preoperative administration of oxaliplatin and/or irinotecan, especially in the obese. CASH can limit the ability to perform an extensive hepatectomy and can contribute to postoperative patient morbidity and mortality (11) . However, all further studies revealed that most of questions about the interpretation of the histologic lesions has led to the conclusion that SOS develops in the context of steatohepatitis rather than aggravate steatohepatitis itself. This issue is important in order pathogenesis to be better understood and prevention strategies developed (16) .
Liver resection type can influence the severity of SOS. In the context of standard liver surgerical procedures for colorectal liver metastases, oxaliplatin-related SOS could increase the risk of intraoperative bleeding and postoperative liver insufficiency. In patients undergoing a major resection combined with radiofrequency procedures, oxaliplatin-associated liver injury was not associated with an increased risk of perioperative (90-day) morbidity or mortality. In contrast, CASH steatohepatitis was associated with irinotecan and with an increased perioperative risk of death, especially (17) . This is also consistent with our results showing "high-grade" SOS lesions specially hemorrhagic centrilobular necrosis and peliosis in nontumour bearing liver parenchyma less frequent in patients underwent RALR. It was shown that most severe vascular lesions from the spectrum of SOS that are found in standard liver metastasectomies are associated with increased intraoperative transfusions due to significant blood loss and perfusion-reperfusion effects in the liver sinusoidal bed (14) . Bloodless liver resection type such as RALR may represent at least partial explanation for lower rates of surgical hepatitis (surgical necrosis) as well as known better clinical outcome in these patients. Therefore, the extent of liver resection and type and duration of applied chemotherapy regimen should be carefully considered and individualized, including a consideration for body mass index and related comorbid factors.
Etiopathogenesis of SOS is still not well elucidated but has similar and quite consistent histomorphologic features regardless of its cause. In general, it is hypothesized as multifactorial activation of the hepatic sinusoidal endothelial cells and the subsequent toxic destruction of endothelial cells with sloughing and eventually downstream occlusion of terminal hepatic venules (18) . Contributing factors include glutathione and nitric oxide depletion of sinusoidal endothelial cells, increased intrahepatic expression of matrix metalloproteinases and vascular endothelial growth factor, and activation of coagulation cascade. However, these mechanisms are described predominantly in SOS observed after hematopoietic stem cell transplantation or pyrrolizidine alkaloid exposure. It is still not known whether SOS observed in oxaliplatin based chemotherapy are identical to them, or are mostly related to pro-inflammatory mechanisms. Unlike the previous two, endothelial destruction and hepatocyte necrosis are inconspicuous in oxaliplatin-related SOS both in clinical and in experimental studies and an activation of VEGF and IL6 pathway mediators can result only in sinusoidal dilatation and hepatocyte atrophy (19, 20) . There is also evidence that an activation of pro-inflammatory pathways can be induced in the tumor itself by chemotherapeutic agents (21) .
The role of biopsy with respect to raising the awareness of possible development of SOS is unclear. Some authors have recommended preoperative liver biopsy to evaluate for SOS, steatosis and/or steatohepatitis. However, given the problems associated with unknown or unclear clinical context, sampling error as well as intra-and interobserver variation in the evaluation of histologic alterations, we do not stand for this approach. Rather, laparoscopy before laparotomy is advocated in patients with preoperative imaging suggested steatosis to directly evaluate the liver. Systematic review by Wang et al. disclosed that nearly half of patients with SOS underwent liver biopsy to diagnose the syndrome (210 patients with SOS caused by herbal medicine Tusanqi) in addition to the currently well-established diagnostic criteria for SOS include original or modified Seattle criteria and Baltimore criteria with four major components: bilirubin, hepatomegaly, ascites and weight gain (22) . There is no data on diagnostic accuracy of hepatic biopsies as the diagnosis is currently based on sinusoidal lesions, independently of hepatic venous lesions. It depends on the size and type of biopsy samples because sinusoidal and endothelial lesions are discrete: dilated and empty sinusoids could be easily overlooked as well as subintimal edema and fibrin deposits in sinusoids and/or terminal hepatic venules. Peliosis and nodular regenerative hyperplasia could hardly be recognized on routine hematoxylin-eosin staining of needle biopsies but more clearly seen in reticulin preparations and until detailed clinical data and clinical suspicion are presented in the request. Fine needle biopsies are almost useless in diffuse vascular lesions. Acute hepatic congestion should be considered if perivenular sinusoids are dilated and associated with necrosis, little inflammation and brown-ceroid pigment laden Kupffer cells. Chronic venous congestion with fibrotic veins is difficult to demonstrate within the fibrous tissue without some of trichrome or collagen stainings. Rubia-Brandt stated that in pathologic studies, occlusion of the centrilobular veins occurs in 50-75% of patients who develop SOS after hematopoietic stem cell transplantation, but only in approximately 50% of patient with SOS after oxaliplatin-based chemotherapy (2) .
An accurate and noninvasive tool to predict SOS lesions in the subset of patients receiving oxaliplatin preoperatively is missing, although some risk factors of SOS have been identified. The increase of spleen volume could be helpful in the early diagnosis and pathogenesis of SOS. In a recent animal study of vascular endothelium toxicity caused by herbal medicine Tusanqi, various platelet disorders and other hematologic effects were observed to be associated with splenomegaly (22) . It seems more likely that splenomegaly is caused by the change in endothelin in the intersection of liver-spleen axis, but not necessarily linked to chronic portal hypertension (23) . Imai et al. also found that the splenomegaly should be an independent predictor of the development of SOS in patients with colorectal metastases who received oxaliplatin-based chemotherapy with or without bevacizumab (24) . Previously, Soubrane et al. reported a low preoperative platelet count and high aspartate aminotransferase to platelet ratio index (APRI) might represent the most reliable indicators to predict SOS severity (25) . Among determinants for the development of SOS after chemotherapy genetic polymorphism in drug metabolizing enzymes, such as glutathione S-transferase may be important (19) .
This study had several limitations. First, all patients with 6 or more cycles regimen of preoperatively chemotherapeutic treatment with fluorouracil plus oxaliplatin were included. However, variable duration of neoadjuvant chemotherapy and dose-dependent oxaliplatin-related effects could be relevant for the severity of SOS and other histological abnormalities. Second, there was no groupings of patients who underwent major and minor liver resection, although no statistical difference was found between the patients with regard to the frequency of blood transfusion (12) . Third, only a short-term (6-24 months) surgical follow-up result could be provided in this study, mostly with relatively good outcome. Most of death events and other major complications occurred during a relatively short follow-up period. The most common cause of death might be acute liver failure, rather than portal hypertension-related complications. However, the long-term follow-up was lacking.
CONCLUSION
Our results confirmed recent reports that sinusoidal obstruction syndrome is a major feature of hepatic lesions associated with oxaliplatin neoadjuvant chemotherapy for liver colorectal metastases. Although the impact od oxaliplatin-related SOS on clinical outcome is unclear and in many cases minimal, it can be associated with increased postoperative morbidity after major liver resections and with a decreased tumor response. We found severe vascular abnormalities in non-tumour bearing liver parenchyma such as hemorrhagic centrilobular necrosis and peliosis to be less frequent in patients underwent RALR for colorectal liver metastases and they might be associated with better clinical outcome in these patients.
These preliminary findings might be important for clinicians as well as pathologists to recognize SOS with respect to possible complications and the impact on overall therapeutic results. Further studies should be necessary to explore the long-term follow-up results and refine diagnostic possibilities and the treatment strategy.
